ABSTRACT The integrity and normal function of the small intestinal epithelium depends critically on the rapid renewal of epithelial cells from basal stem cells. The intensive proliferation that fuels this selfrenewal process is confined to the intestinal crypts. Establishment of suitable protocols for crypt isolation and culture is pivotal for the studies of intestinal selfrenewal mechanisms. In this study, chicken small intestinal crypts were isolated, purified, and further cultured in a Matrigel 3-D culture system. The growth factor concentration assay on the fourth d of culture showed that Group C (50 ng/mL epidermal growth factor (EGF), 100 ng/mL Noggin, and 500 ng/mL Rspondin 1) supplement in culture medium could significantly enlarge the diameter of organoids when compared with Group A (5 ng/mL EGF, 10 ng/mL Noggin, 50 ng/mL, and R-spondin 1) and Group B (10 ng/mL EGF, 20 ng/mL Noggin, and 100 ng/mL R-spondin 1) by 188.4% (P = 0.026) and 176.9% (P = 0.034), respectively. Transmission electron microscopy, neutral red staining, and 5-ethynyl-2 -deoxyuridine incorporation demonstrated the integrated structure, high viability, and proliferative activity in cultured chicken intestinal organoids. In addition, intestinal stem cell marker genes (Olfm4, Znrf3, Hopx, and Lgr5) also could be detected in cultured intestinal organoids. Furthermore, CHIR99021 (a glycogen synthase kinase 3β inhibitor) could enhance the expression of Olfm4, Znrf3, Hopx, and Lgr5 by 750% (P = 0.001), 467% (P < 0.001), 450% (P < 0.001), and 333% (P = 0.008), respectively, indicating the responsiveness of the cultured chicken intestinal organoids to exogenous stimulus. This study modified a murine culture model and optimized it to provide a chicken intestinal organoid model for use as a physiological or pathological research platform in vitro.
INTRODUCTION
The most important physiological functions of the intestine are to act as a barrier and to facilitate absorption (Gilbert et al., 2007; Miska et al., 2014; Oshima and Miwa, 2016) . The barrier function of the small intestine is maintained through the remarkable self-renewal rate of the epithelium. In the mouse, the small intestinal epithelium undergoes complete renewal every 3 to 5 d (Barker et al., 2007) . It has been demonstrated that this renewal is primarily due to proliferation and differentiation of the crypts (Barker et al., 2012) . The crypt is a unique biological system that is mainly comprised of intestinal stem cells (ISC) and Paneth cells (Sato et al., 2011; Wang et al., 2016) . Cultured organoids represent an important model for studying intestinal mucosa renewal and homeostasis. Despite this, few studies have yet focused upon the optimization of methods for chicken intestinal crypt isolation and culture.
Recently, mammalian intestinal crypts have been successfully isolated and cultured in vitro (Nik and C Carlsson, 2013; Wang et al., 2013) . For the chicken, chicken-derived small intestine epithelial tissue had been isolated from 18-day-old embryos and cultured in Matrigel for 5 wk (Pierzchalska et al., 2012) . Later the chicken cecum was used to isolate the crypt, which was further cultured in vitro where they isolated the intestinal crypt, mixed it with Matrigel, and incubated in advanced DMEM/F12 medium containing epidermal growth factor (EGF), Wnt agonist (R-spondin 1), and bone morphogenetic protein inhibitor (Noggin) (Powell and Behnke, 2017) . However, it remained unclear whether this method could be applied to the culture of chicken small intestinal organoids. In the present study, we modified this isolation method for use for the chicken small intestinal crypt and utilized transmission electron microscopy (TEM), neutral red staining, and 5-ethynyl-2'-deoxyuridine (EdU) incorporation to characterize the cultured organoids. We then optimized EGF, R-spondin 1, and Noggin concentrations in the culture medium. Since responsiveness is an important physiological function for cultured tissue models, we further analyzed the responsiveness of the cultured chicken intestinal organoids to exogenous stimulants. This study establishes an optimized isolation and culture method for chicken intestinal organoids that can be further used as a technical platform for physiological and pathological studies.
MATERIALS AND METHODS

Animals and Sample Preparation
Fifteen Hyline chickens (Gallus gallus, 2 to 3 wk old) were obtained from a commercial company randomly. Then, these chickens were again randomly divided into 3 biological repeating groups (5 chickens/repeating group). The chickens were decapitated after anesthetization, and the whole jejunum was then removed, dissected longitudinally, and immediately washed with ice-cold phosphate buffer saline (PBS, pH 7.4). The jejunum of each repeating group was pooled together, then cut into 1 to 2 cm segments and washed approximately 10 times in cold PBS. All procedures related to the animals were performed in accordance with the Guiding Principles for the Care and Use of Laboratory Animals of Zhejiang University. The experimental protocols were approved by the Committee on the Ethics of Animal Experiments of Zhejiang University.
Isolation of Chicken Intestinal Crypts
Based on mouse intestinal crypt isolation protocol (von Furstenberg et al., 2011; Wang et al., 2013; Ahmad et al., 2014) and our preliminary experiment, we made some modifications for chicken intestinal crypt isolation. Briefly, the cleaned jejunal segments were cut into 2 to 4 mm pieces in 2 mM cold ethylenediaminetetraacetic acid (EDTA, dissolved in PBS, pH 7.4), then transferred to a 50 mL tube and shaken gently (at 100 rpm) on an orbital shaker at 4
• C for 30 min × 3 repetitions. The supernatant was then collected and passed through a 70-μm nylon cell strainer (352, 360, Corning, NY) . In order to optimize the relative centrifugal force for chicken intestinal crypt purification, we centrifuged the suspension at 25 × g and 35 × g for 2 min, respectively. The purified crypt pellets were then re-suspended with 500 μl complete culture medium followed by mixing with 500 μl Matrigel (354,277, Corning, NY). We dropped the Matrigel suspension (200 to 300 crypts/50 μl) into a 24-well flat-bottom plate as a hemispherical droplet and incubated it at 38
• C. After the polymerization of Matrigel, 500 μl of the complete culture medium/well were added, and this underwent continued cultured at 38
• C in a 5% CO 2 atmosphere.
Culture of Chicken Intestinal Organoids
In order to select the optimal concentration of growth factor, the advanced DMEM/F12 culture medium (containing 10 mM HEPES, 100 U/mL penicillin, 100 mg/mL streptomycin, 20 mg/mL nystatin, and 2 mM glutamax, pH 7.4) was divided into 3 groups as follows: Group A, the culture medium comprising 5 ng/mL EGF (AF-100-15), 10 ng/ml Noggin (120-10C, PeproTech Inc., Rocky Hill, NJ) and 50 ng/mL R-spondin 1 (4645-RS-025, R&D systems Inc., Minneapolis, MN); Group B, the culture medium comprising 10 ng/mL EGF, 20 ng/mL Noggin, and 100 ng/mL R-spondin 1; and group C, the culture medium comprising 50 ng/mL EGF, 100 ng/mL Noggin, and 500 ng/mL R-spondin 1. Each kind of medium was added into isolated intestinal crypts that had 3 technical repeats, and the experiment was repeated 3 times. Ten organoids in each well were chosen randomly for diameter measurement daily from the beginning to the fourth d of culture.
EdU Incorporation in the Cultured Organoids
In order to assess the proliferative properties of the cultured organoids, EdU incorporation, which can specifically mark the S phase cells, was adopted on the fourth d of culture. Briefly, 4 h after the administration of 10 μM EdU in the culture medium, the Matrigel was dissolved by Cell Recovery Solution (354,253, Corning, NY). The organoids were then fixed in 4% paraformaldehyde for 20 min at room temperature. After permeabilizing with 0.5% Triton X-100 in PBS for 20 min and rinsing with 3% bovine serum albumin (BSA) in PBS 3 times, the organoids were stained using a Cell-Light TM EdU Apollo R 488 In Vivo Imaging Kit (C10321-3, Ribobio Co Inc, Guangdong, China). The EdU-positive cells then showed up as a green color under a laser-scanning confocal microscope (FV1000, Olympus, Co., Tokyo, Japan).
Cell Viability Assay
Neutral red staining solution (C0125, Beyotime Co., Haimen, China) was used to stain the viable organoids in vitro. On the fourth d of culture, after removal of culture medium, 500 μl of neutral red solution were added into each well for 2 hours. After the removal of the neutral red solution, the Matrigel was dissolved in Cell Recovery Solution, and the organoids were rinsed in PBS 3 times. The living organoids then displayed a red color under the microscope.
Transmission Electron Microscopic Observation
On the fourth d of culture, the Matrigel was dissolved by Cell Recovery Solution, and the organoids were then fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.0) overnight and further fixed with 1% OsO 4 for 1 to 2 h for TEM. The specimen was then embedded in Spurr resin and sliced using an Ultratome (LEICA EM UC7). Slices were stained by uranyl acetate and alkaline lead citrate for 5 to 10 min and then observed using a Hitachi H-7650 TEM. 
RNA Extraction and PCR Analysis
On the fourth d of culture, after the Matrigel was dissolved by Cell Recovery Solution, organoids were spun down, and their total RNA was extracted using Trizol reagent (Invitrogen Co., Carlsbad, CA). The RNA purity and concentration were determined using a Nanodrop UV-VIS spectrophotometer (Thermo Fisher Scientific, Sunnyvale, CA) at 260/280 nm in a range of 1.8 to 2.0. The cDNA was generated from 2 μg RNA using the HiScript II 1st Strand cDNA Synthesis Kit (R211-01/02, Vazyme, Nanjing, China). PCR amplification was performed on a 20 μl volume containing 2 μl cDNA and primers. The PCR products were analyzed by electrophoresis on a 1.5% agarose gel, and the pictures were taken with a Tanon Gel Imaging system (Tanon, Shanghai, China). The sequences of the primers are listed in Table 1 .
Quantitative real-time PCR (qRT-PCR) was used to assess the expression of the ISC marker genes, such as OlfM4, Znrf3, Hopx, and Lgr5. The qRT-PCR was carried out on an ABI 7500 HT Real-Time PCR machine (Applied Biosystems, Foster City, CA) with the reaction volume of 20 μl consisting of a 2 μl cDNA template, 400 nM of each of the gene-specific forward and reverse primers (Table 1) , 0.4 μl ROX reference dye II, and 10 μl SYBR Premix Ex Taq (TaKaRa Bio Inc., Shiga, Japan). The thermal profile was 95
• C for 10 s and 95
• C for 5 s for 40 cycles, followed by 60
• C for 34 s each. Individual samples were analyzed in triplicate, and all experiments were performed twice. All samples were normalized with β-actin using the comparative cycle threshold method.
Data Analysis
The data is expressed as the means ± SD. The statistical analysis of diameter change (n = 3) and ISC marker gene expression (n = 3) in cultured organoids was analyzed using a t test in the GraphPad Prism 5 software. A value of 0.05 was set as the alpha value; thus, P < 0.05 was considered as significant.
RESULTS
Isolation and Culture of Chicken Intestinal Crypts
The screen of relative centrifugal force for crypt purification showed that, after centrifuging at 35 × g for 2 min, while the supernatant ( Figure 1A ) was very clean, the crypt pellet was full of tissue fragments ( Figure 1B ). This indicated that the pellets were not clean enough for further culture. After centrifuging at 25 × g for 2 min, the supernatant appeared with a large number of tissue fragments or single cells and a few crypts ( Figure 1C) , and the pellet was full of crypts ( Figure 1D ). After culturing in Matrigel for 24 h, most of these crypts that had been purified at a relative centrifugal force of 25 × g had formed spherical organoids ( Figure 1E ).
Optimization of Growth Factor Concentrations in Medium
In order to select optimal concentrations of growth factor for chicken intestinal organoid culture in vitro, we set up 3 groups of media (Groups A, B, and C) containing differing concentrations of EGF, Noggin, and R-spondin-1. After 4 d of culture, as shown in Figure 2A , the diameter of the intestinal organoid in Group C (50 ng/mL EGF, 100 ng/mL Noggin, and 500 ng/mL R-spondin 1) were much larger than other groups. The statistical result ( Figure 2B ) further showed that the diameter of organoids in Group C on the fourth d of culture was larger than that of Group A and Group B by 188.4% (P = 0.026) and 176.9% (P = 0.034), respectively.
The morphological change of crypts that cultured in the medium of Group C was recorded. Immediately after isolation, the chicken intestinal crypts presented the typical morphology as it appears in vivo ( Figure 3A) . After 24 h, the appearance of the crypts showed obvious changes, where they formed a spherical structure ( Figures 1E and 3B) . At 48 h, the spherical structure had obviously expanded ( Figure 3C ). On the third d, the crypts expanded continually, while some crypts began to form a budding structure that consisted of a central lumen and several surrounding crypt-like domains (organoids, Figure 3D ). From then on, at 120 h (fifth d, Figure 3E ) and 168 h (seventh d, Figure 3F ), more and more organoids began to form budding structures.
Characterization of the Cultured Chicken Intestinal Organoids
Results of DAPI staining ( Figure 4A) showed that the organoids cultured in vitro for 4 d were spherical, contained a lumen, and consisted of about 200 cells. For determining the structure of these cultured organoids, TEM was performed, and the single layer of epithelial cells was observed at the base of the organoids. Importantly, the luminal microvilli (red arrow, Figure 4B ) presented with the typical characteristics of the crypt. Meanwhile, the neutral red staining was performed to detect the viability of organoids, as shown in Figure 4C where living organoids in vitro presented with a red color. Furthermore, EdU incorporation was performed to verify the proliferative activity of cultured organoids ( Figure 4D, white arrow) , where the epithelium of cultured organoids was confirmed to possesses proliferative activity. Because ISC is a specific cellular type in organoids, the ISC marker genes (OlfM4, Znrf3, Hopx, and Lgr5) also could be detected in chicken intestinal organoids that cultured in vitro ( Figure 4E ).
Responsiveness of Cultured Organoids to Exogenous Stimulant
Responsiveness is also a decisive factor for the feasibility of a tissue culture model. In order to evaluate the responsiveness of chicken intestinal organoids cultured in vitro, we added CHIR99021 (04-0004, Stemgent, Inc., San Diego, CA) to the culture medium from the beginning of culture as a stimulant. On the fourth d of culture, after the stimulation of CHIR99021, the relative expression of OlfM4, Znrf3, Hopx, and Lgr5 mRNAs in the organoids had increased significantly. As presented in Figure 5 , compared with the control group, CHIR99021 promoted the expression of Olfm4 by 750% (P = 0.001), Znrf3 by 467% (P < 0.001), Hopx by 450% (P < 0.001), and Lgr5 by 333% (P = 0.008) in the organoids, respectively. Diameter changes of intestinal organoids cultured under different mediums: Group A, containing 5 ng/mL EGF, 10 ng/mL Noggin, and 50 ng/mL R-spondin 1. Group B, containing 10 ng/mL EGF, 20 ng/mL Noggin, and 100 ng/mL R-spondin 1. Group C, containing 50 ng/mL EGF, 100 ng/mL Noggin, and 500 ng/mL R-spondin 1.
DISCUSSION
For crypt isolation, Ahmad et al. (2014) incubated the mouse colon in EDTA for 60 min and centrifuged at 1.5 × g to isolate crypts, while Jabaji et al. (2013) incubated the mouse small intestine in EDTA at 4
• C for 30 min with gentle shaking, then centrifuged at 100 × g for 2 min twice. In the present study, chicken small intestine was gently shaken in EDTA at 4
• C for 30 min × 3 times. The crypt was then purified by centrifuging at 25 × g, as we had found that the crypt in the pellet centrifuged at 25 × g was purer than that centrifuged at 35 × g. Furthermore, the chicken intestinal crypts isolated in the present study could be successfully cultured in vitro.
For optimizing a suitable culture medium for chicken intestinal organoid growth, we investigated the concentration of growth factor. It is well known that Rspondin 1 (a Wnt analogue) and Noggin (a Bmp antagonist) are required for maintaining the self-renewal of Lgr5 + stem cells and that EGF can promote the proliferation of organoids (Barker et al., 2007; Sato et al., 2011; Yin et al., 2014) . However, proper concentrations of EGF, Noggin, and R-spondin 1 are critical for the optimization of organoid growth in vitro. By analyzing the diameter alteration of organoids cultured under different growth factor concentrations, the present study demonstrated that 50 ng/mL EGF, 100 ng/mL Noggin, and 500 ng/mL R-spondin 1 in culture medium could efficiently promote the growth of chicken intestinal organoids in vitro. Similarly, in mice, 10 to 50 ng/mLEGF, 100 ng/mL Noggin, and 500 ng/mL R-spondin 1 were used for intestinal organoid culture (Sato et al., 2009; Yin et al., 2014) .
In order to identify whether the tissue cultured in the present study was of intestinal organoids, some morphological assays were performed. The neutral red assay has been widely used in cellular viability assays where the living tissue presents as a red color (Chang et al., 2016; Khamphio et al., 2016; Specian et al., 2016) . Neutral red and DAPI staining were used to prove that most of the cultured tissue in the present study was alive and displayed the general morphology of intestinal organoids. Secondly, TEM observation showed that a lumen of the organoids was enclosed by a single layer of epithelial cells, and the luminal microvilli displayed the typical characteristics of the crypts (Barker et al., 2012) . This further proved that cultured organoids in the present study were of intestinal crypts. Moreover, EdU incorporation showed the intensive proliferative activity of the cultured organoids in the present study. All these results indicated that cultured tissue in the present study was intestinal organoids, and most of these organoids possessed viability and the capability of proliferative activity.
In addition to the morphological structure, physiological functions (such as response to exogenous stimulant) of the cultured intestinal organoids are critical for its feasibility. In the present study, we used CHIR99021 (a glycogen synthase kinase 3β inhibitor) to detect the responsiveness of the cultured chicken intestinal organoids. Previously, CHIR99021 was demonstrated to play an important role in mice intestinal organoids cells (Yin et al., 2014) . Moreover, CHIR99021 could increase cell numbers and organoid size of mice intestinal organoids (Yin et al., 2014) . Among ISC marker genes, Olfm4 and Znrf3 were recognized as robust markers of ISC (van der Flier et al., 2009; Barker et al., 2012) , where Hopx was restricted to the "+4" stem cell zone (Takeda et al., 2011) , and Lgr5 marks the cycling ISC (Barker et al., 2007) . In the present study, all of these ISC genes could be detected in the cultured chicken intestinal organoids. Interestingly, upon CHIR99021 treatment, the expression of OlfM4, Znrf3, Hopx, and Lgr5 in cultured organoids was elevated significantly. Similarly, CHIR99021 acted to improve mice Lgr5 + cell survival and organoid regeneration after radiation (Wang et al., 2015) . CHIR99021 and valproic acid were demonstrated to synergistically maintain the selfrenewal of mouse Lgr5 + ISC (Yin et al., 2014) . Taken together, these results showed that the chicken intestinal organoids cultured in vitro presented comparable physiological functions to those in vivo.
In summary, we modified and optimized a suitable isolation and culture protocol for chicken intestinal organoids. The cultured chicken intestinal organoids in our study could live in vitro for at least one wk, form organoids, and maintain responsiveness to exogenous stimulants. This result indicated that chicken intestinal organoids cultured in the present study could be used as a physiological and pathological research platform in vitro.
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